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ABSTRACT
In young starburst galaxies, the X-ray population is expected to be dominated by the relics of the
most massive and short-lived stars, black-hole and neutron-star high mass X-ray binaries (XRBs). In
the closest such galaxy, IC 10, we have made a multi-wavelength census of these objects. Employing
a novel statistical correlation technique, we have matched our list of 110 X-ray point sources, derived
from a decade of Chandra observations, against published photometric data. We report an 8σ corre-
lation between the celestial coordinates of the two catalogs, with 42 X-ray sources having an optical
counterpart. Applying an optical color-magnitude selection to isolate blue supergiant (SG) stars in IC
10, we find 16 matches. Both cases show a statistically significant overabundance versus the expec-
tation value for chance alignments. The blue objects also exhibit systematically higher fx/fv ratios
than other stars in the same magnitude range. Blue SG-XRBs include a major class of progenitors
of double-degenerate binaries, hence their numbers are an important factor in modeling the rate of
gravitational wave sources. We suggest that the anomalous features of the IC 10 stellar population
are explained if the age of the IC 10 starburst is close to the time of the peak of interaction for massive
binaries.
Subject headings: galaxies: individual (IC 10)—pulsars: general—stars: neutron—stars: supergiants—
surveys—X-rays: binaries
1. INTRODUCTION AND MOTIVATION
The dwarf starburst galaxy IC 10 is remarkable for its
young stellar population (Massey et al. 2007), high den-
sity of Wolf-Rayet (WR) stars (Crowther et al. 2003),
and massive stars in general (Massey & Holmes 2002). It
hosts the WR+BH (black hole) binary IC10 X-1 (Prest-
wich et al. 2007), the blue-supergiant (BSG) transient
X-ray binary IC 10 X-2 (Laycock et al. 2014), and an ex-
cess of X-ray point sources concentrated within the op-
tical outline of the galaxy (Wang et al. 2005). We have
identified more than a dozen other transient and vari-
able objects among 110 point sources detected in a series
of 10 Chandra observations spanning 2003-10 (Laycock
et al. 2016). The ongoing starburst has produced a rich
population of exotic compact-object binaries. Given that
the age of the starburst is only ∼6 My, these must in-
volve progenitors of extreme masses and short lifetimes.
Identifying the nature of each individual source is a slow
and difficult process, but ultimately necessary if we are
to obtain a complete census of X-ray binaries (XRBs) for
comparison with other galaxies, for example the Magel-
lanic Clouds (Coe & Kirk 2015; Antoniou et al. 2010)
and the local volume survey (Binder et al. 2015a). Even
to obtain the X-ray luminosity function (XLF) requires
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these identifications, otherwise the logN − logS relation
will be heavily biased by foreground Galactic interlop-
ers. We have adopted a multi-wavelength approach in
order to narrow down the probable nature of the X-ray
population in IC 10.
Compact and dwarf galaxies present the opportunity
for “whole galaxy” population studies, and can thus
probe a wide parameter space in age, mass, and metal-
licity. The production rate of high mass X-ray binaries
(HMXBs) is linked to the star formation rate (SFR) by
a scaling law (Grimm et al. 2003), the universality of
which raises interesting questions. Using a large sample
of blue compact galaxies, Brorby et al. (2014) revealed
a significantly higher abundance of HMXBs for a given
SFR than in spiral galaxies. Additionally, the slope of
the XLF is found to be steeper in the blue compact sam-
ple, in the sense that the XRB population is skewed to
higher LX values in addition to being more numerous on
a per-SFR unit basis. Prestwich et al. (2013) found from
their analysis of a large sample of galaxies that ultralu-
minous X-ray sources (ULXs) (LX > 10
39erg s−1) are
preferentially formed at low metalicities.
The inference preferred by many authors is that low
metallicities drive higher compact-object masses, as for
example in the direct-collapse scenario of Mapelli et al.
(2010). Indeed, stellar evolution calculations also predict
such a relationship (Belczynski et al. 2010). A counterar-
gument however would be that the stellar companions in
these systems are of a different nature (or have different
binary parameters) such that systematically higher mass-
accretion rates are delivered. In support of this idea, we
point to recent studies of bright extragalactic XRBs and
ULXs such as M82 X-2 (Bachetti et al. 2014), NGC 300
X-1(Binder et al. 2015b), and IC 10 X-1 (Laycock et al.
2015; Steiner et al. 2016). These cases are actively re-
casting the paradigm of ULXs as extreme binaries host-
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ing black holes of > 100 M, as instead representing the
upper end of continuous XLFs for neutron-star (NS) and
BH binaries; perhaps the same skewed XLF discovered
by Brorby et al. (2014).
Testing these scenarios requires nearby galaxies where
the stellar companions can be resolved and optical spec-
tra can be obtained. IC 10 is the closest to being an ideal
laboratory for such a study since its O and B stars are
within range of ground-based telescopes, yet its angular
size (<8 arcmin) still fits within a single Chandra ACIS-
S3 field.
IC 10 is a unique galaxy and reconciling the strange
features of its stellar population and structure will pro-
vide further insight into XRB formation. Researchers
using different SFR indicators have reported wildly dif-
fering results for IC 10 (Chomiuk & Povitch 2011). The
“brightest radio SNR” method yields the highest rate
which ties in with the abundance of massive stars. Leroy
et al. (2006) suggests that the starburst has not yet
peaked, and since its WR stars each represent a future
type II supernova, IC 10 has produced only a small frac-
tion of its eventual supernova remnants and compact ob-
jects. The work of Eldridge et al. (2013) on the evolution
of massive binaries points to interaction as an under-
estimated driver of core-collapse supernovae (SNe). In
essence, mass-transfer between the two stars narrows (or
even reverses) their mass-ratio causing the initially less
massive star to undergo an accelerated evolution. Al-
though many scenarios are possible depending on the
initial mass ratio and separation, the main result that
emerges is a greatly enhanced population of blue and yel-
low supergiant binaries at the pre- and post-core-collapse
stages. Enhanced tidal stripping of the hydrogen en-
velopes also leads to elevated production of WR stars.
Interestingly, the Massey et al. (2007) HR diagram for
IC 10 shows a large population of blue and yellow super-
giant stars, in addition to the abundance of WR stars
already noted.
HMXBs containing blue supergiants (incl. WR stars)
are expected to be a leading channel for production
of double-degenerate binaries (DDs) of the BH+BH,
BH+NS, NS+NS species Bulik, Belczynski, & Prestwich
(2011); Bogomazov (2014). If a massive binary system
survives the first supernova and the remaining star is
sufficiently massive, it too may undergo supernova, with
some probability of each star ending as either BH or NS,
while remaining gravitationally bound. A wide range
of evolutionary paths have been studied, some involving
mass transfer, common envelope, or other binary inter-
action. As in the Mandel & de Mink (2016) mechanism
for creating double black holes by homogeneous chemical
evolution driven by rotational mixing of the stars’ inte-
riors. Secure DD discoveries include the Hulse-Taylor
pulsar (NS+NS), the WD+NS pulsar of Antoniadis et
al. (2013), and some 10s of binary WDs Gianninas et al.
(2015). The recent advent of gravitational-wave astron-
omy has revolutionized this field, piquing interest in the
production channels for DDs, and event rates for their
mergers, which are now observable as GW signals Ab-
bott et al. (2016). Production and merger rates for DDs
have been modeled by several groups (e.g. Dominik et
al. 2015; Abbott et al. 2016; Eldridge & Stanway 2016;
Belczynski et al. 2016) considering a wide variety of evo-
lutionary paths, some highly modified by binary inter-
action. IC 10 can be seen as a laboratory for obtaining
improved inputs to these models.
In this paper, we focus on the statistical correlation
between X-ray and optical catalogs and on the resulting
photometric properties of the sample of positional coun-
terparts. We begin by matching source lists, combining
the optical and X-ray photometry, then make a series of
selections on the observable source properties. Finally,
we assess the correlations that emerge between these
subsets.
2. OPTICAL COUNTERPARTS AND COLOR-MAGNITUDE
SELECTION FOR BLUE SUPERGIANTS
Following the procedures detailed in Laycock et al.
(2014), we matched our Chandra point-source catalog
against the Massey et al. (2007) photometric catalog
which has a limiting magnitude of V≈24. A total of 42
X-ray sources (40%) have a positional counterpart within
their 95% confidence radius (in quadrature with a 1′′ tol-
erance to account for systematic error). The remaining
69 sources have no counterpart to down to V=23.8 (the
magnitude of the faintest counterpart found). In Fig-
ure 1, we show the color-magnitude diagram (CMD) for
these candidate counterparts. At the distance and red-
dening of IC 10 (µ = 24 , AV = 3, EB−V = 0.85), the
main sequence is not visible much beyond B0V in ground-
based images under normal seeing conditions. BSGs are
among the most luminous stars and will be above the
crowing limit, nonetheless this is a limitation for our
HMXB study since the literature points to most HMXB
counterparts being hotter than B3 with the spectral type
distribution peaking at B0 (Antoniou et al. 2009). There-
fore we estimate the catalog to be about 50% complete
for HMXB counterparts. The line of sight to IC 10 passes
though the outer part of the Galactic Plane, thus fore-
ground stars lie in the field. Fortunately, the redden-
ing vector is such that the main sequence defined by the
Galactic stars is well separated in color-magnitude space
from the IC10 BSG branch. This fact was analyzed in
detail by Massey et al. (2007) and we follow their Fig-
ure 14 (of which our Figure 1 is a subset of the same
data) to annotate the CMD highlighting the locus of IC
10 BSGs and the foreground sequence.
Having selected our sample of BSG-XRB candidates,
we examined their photometric properties in Figure 2
which is the color-color diagram (B-V, V-R). All coun-
terparts are plotted and the BSG subset is highlighted.
We see the expected linear sequence defined by the ma-
jority of the optical counterparts. Interestingly, many
of the blue objects in B-V are significantly redder in V-
R compared to the blackbody locus. This effect cannot
be interstellar absorption because the stars are already
bluer in B-V than most of the foreground population and
absorption is stronger at shorter wavelengths. Similarly,
since the BSGs are the bluest objects in B-V, they should
also be the bluest in V-R if their continua follow an ap-
proximate blackbody spectral energy distribution. This
red excess is possibly related to outflows from the com-
panions and circumstellar material intrinsic to the bina-
ries. Alternatively AGN could be present in the sample
and occupy similar regions of the CMD. Spectroscopic
and radio followup are needed to explore these possibli-
ities.
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Fig. 1.— Color-Magnitude diagram for positional counterparts
to Chandra X-ray sources in the IC 10 field. Ovals indicate the locii
of BSGs in IC 10 and the foreground Galactic population which
lies atop the yellow SG track for IC 10 (comparison with Massey
et al. 2007, Figure 14). A few objects have multiple counterparts;
then the one at the smallest offset is retained and the others are
indicated by a smaller dot symbol. Dotted lines show the selection
B-V<1.5, V>19.5.
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Fig. 2.— Color-color diagram for positional optical counterparts.
Objects selected as BSG candidates in Figure 1 are highlighted as
filled blue symbols. As a few objects have 2 counterparts, the one
at the smallest offset is retained and the others are indicated by a
smaller dot symbol. Several of the BSG stars are red in R-I, in-
dicative of an infrared excess that could be related to circumstellar
material (outflows, disks, etc.).
3. PEAK-UP TEST FOR POSITIONAL CORRELATION
Optical counterpart identification in multi-wavelength
surveys is a problem encountered frequently in astron-
omy. Often researchers assume that positional alignment
implies physical association, especially when the objects
being searched for are rare and both catalogs have good
positional accuracy. This is a dangerous assumption and
a needless one, since a quantitative solution to the prob-
lem does exist: the peak-up test (Laycock et al. 2005;
Zhao et al. 2005) can be used to deal with the case of
Chandra observations of crowded fields where chance
alignment is non-negligible and each X-ray source has a
different positional uncertainty.
In the peak-up test, the two input catalogs are repeat-
edly matched against each other, introducing a small
offset in the coordinate system at each iteration, and
recording the list of matching objects at each offset. The
offsets are arranged on a regular grid whose spacing is
finer than the positional accuracy of the input catalogs
and extends to several times the radius of the largest er-
ror circles. In this way, the distribution of chance align-
ments is obtained free of any real ones. The output table
can then be filtered according to any desired properties
of the input catalogs. Our code uses tools from the unix
relational database package starbase5 for the matching
and filtering and R6 for analysis and visualization of the
resulting peak-up table. If an excess of real counterparts
are present above the median number expected by chance
(n¯), a peak of height nx is seen in the 2D map, as in Fig-
ure 3, hence the name “peak-up” test. The significance
of the peak is assessed by computing the standard devi-
ation (σ) of the distribution of chance alignments after
excising the region within the maximum matching radius
of the zero-offset position. The significance of a positive
correlation peak can be expressed as S = (nx − n¯)/σ.
For our Chandra catalog versus Massey et al. (2007), us-
ing a matching radius for each source of r =
√
r295 + 1
2
(arcsec), we obtained nx=42, n¯=16, σ=3.1, and S=8.4
Since the candidate counterparts depicted in Figure 1
fall into distinct regions of the CMD, identified by
Massey et al. (2007) as BSGs and foreground main se-
quence stars, we applied a color-magnitude filter to the
output of the peak-up test. Adopting B − V < 1.5, and
V < 19.5 (see dotted lines in Figure 1, based on the
photometric properties of the IC 10 population and the
optical counterpart of IC 10 X-2, we obtain nx=16, n¯=9,
σ=2.16, and S=3.24. This result is shown graphically in
Figure 4, where the surface defined by the peak-up test
has been azimuthally averaged using a gaussian kernel
(bandwidth=0.1 arcsec) to obtain the radial profile of
the distribution. We can further assess the significance
of the peak using the fluctuations of the resulting radial
distribution. We find σr = 0.97, Sr = 24 for all counter-
parts, and σr = 0.56, Sr = 8 for BSGs.
Confidence regions for the peak-up test are constructed
using bootstrap sampling in R. At each iteration we draw
half of the offset positions in the peak-up table at random
and compute the radial profile (as above). The process is
repeated (104 trials) to accumulate the probability dis-
tribution, from which confidence regions are extracted
using the quantile function.
4. DISCUSSION
4.1. Evidence for blue supergiant X-ray binaries
First we must establish that our sample of X-ray se-
lected BSGs are accreting compact-object binaries since
5 http://hopper.si.edu/wiki/mmti/Starbase
6 https://www.r-project.org
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Fig. 3.— Peak-up test surface plot showing the cross-correlaton
between our Chandra X-ray catalog and the Massey et al. (2007)
optical catalog. The surface denotes the number of sources with
an optical counterpart, generated by matching the two catalogs
over a grid of positional offsets. A sharp peak appears at the
correct alignment, demonstrating that the optical counterparts are
real. The variations in the surface, map the random fluctuations in
the number of chance alignments. The distribution of the surface
heights yields σ and hence the correlation significance. For all
stars, the correlation peak is 8.4σ; for the BSGs alone, it is 3.24σ.
all BSGs are strong sources of X-rays (Berghoefer et
al. 1997). Wind-origin X-rays are seen in both isolated
and binary systems, however for the X-ray luminosities
visible at the 660 kpc distance of IC 10, the only vi-
able power-source is accretion onto a compact object.
For B3 – O5 spectral types, the intrinsic wind-origin
Lx = 10
31 − 1033 erg s−1, which is below the & 1035
erg s−1 limit of the Chandra observations comprising our
catalog.
In order to put this comparison on a quantitative ba-
sis, we computed the distance independent X-ray to Op-
tical flux ratio log(fx/fv) = log(fx) + V/2.5 + 5.37 (fx
in the energy band: 0.3-8 keV) for all Chandra sources
with counterparts in Massey et al. (2007), as well as up-
per limits for sources with no counterpart in the cata-
log. Since the faintest optical counterpart is V=23.8,
we adopted this limiting magnitude in the upper-limit
calculation. Figure 5 shows the optical magnitude ver-
sus maximum broad-band (0.3-8 keV) flux from the 10
ACIS-S observations, assuming an absorbed power law
(nH = 5 × 1021cm−2, photon index Γ = 1.5). Contours
of equal fx/fv are shown and sources with BSG coun-
terparts are flagged. Notably, the highest 5 fx/fv values
belong to BSGs, as are 7 of the top 9. For all stars in the
same magnitude cut (V > 19.5), the BSGs have system-
atically higher fx/fv values which would not be expected
due to chance. The MWW7 test shows a significant offset
(p = 0.01) for BSGs versus all counterparts.
7 Mann-Whitney-Wilcoxon test implemented in R.
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Fig. 4.— Cross-correlaton between our Chandra catalog and the
optical catalog of Massey 2007. In order to accumulate the plotted
radial profile and the statistical distribution of chance alignments,
the catalogs were repeatedly matched on a large grid of positional
offsets as in Figure 3. Radial profiles are plotted for all stars (black,
left-hand scale) and the blue supergiant subset (blue, right-hand
scale). 95% confidence regions determined by bootstrap sampling
with a kernel bandwidth of 0.25′′ are shown as shaded areas. The
narrowness of the correlation peak (< 2′′) indicates that crowding
is only moderate in the magnitude range being probed, supported
by the fact that more than half of the X-ray sources have no coun-
terpart down to V=24.
Five of the BSGs are X-ray variables as reported by
Laycock et al. (2016) (source numbers 1, 8, 20, 29, 46).
The fx/fv points in Figure 5 are the maximum values
obtained from the highest observed flux in each case.
Variability ranges from a factor of a few to ∼100 (#46),
corresponding to changes in flux ratio ∆fx/fv of 0.3-
2. Optical spectra have been published for source #20
(WR+BH; IC10 X-1) and #46 (IC 10 X-2). The variabil-
ity properties of these sources were discussed in Laycock
et al. (2016).
Massey et al. (2007) made a search for LBVs in IC
10 using their broad-band photometry (Massey et al.
2007) (the same catalog that we have employed in this
paper) augmented with narrow-band filter observations
(Hα, SII, OIII) in order to construct a multi-index based
selection for intrinsically blue emission line stars. Their
resulting sample contained 96 candidates, only one of
which has an X-ray counterpart (IC 10 X-2) in our Chan-
dra catalog. This odd result is in line with those au-
thors’ puzzlement at the small number of WR stars in
the emission-line sample. They explained the anomaly
as an unintended consequence of applying selection cri-
teria that were based on M31. In particular, Figure 3 of
Massey et al. (2007) shows that the cut on OIII emission
designed to weed out HII regions had the effect of exclud-
ing 14/17 known WR stars in the field, along with a ma-
jority of the emission-line objects. We also note that only
one X-ray source (IC 10 X-1) has a position match in the
WR catalog of Crowther et al. (2003); Clark & Crowther
(2004). A new emission-line catalog with relaxed crite-
ria would be useful, however spectroscopic follow-up of
all the optical counterparts will still be essential, in view
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of possible contamination by AGN in the fx/fv selected
sample.
4.2. Estimating the underlying population
If we assume that the nx = 16 BSG X-ray objects
in Figure 2 are all HMXBs, we can estimate their pro-
duction rate and the expected yield of precursor double-
degenerate binaries nPDD as follows:
(a) If IC10 has produced nPDD precursor double-
degenerate binaries over the past T ≈ 6 Myr, then
the duty cycle during which the LBVs are donating
mass to their compact companions is D = tm/T ,
where tm is the mean lifetime of the LBVs taken
here to be tm = 0.4 Myr for a typical LBV mass of
M2 = 30 M (Maeder & Meynet 2001; Fragos et al.
2015; Massey et al. 2016). In this case, we estimate
that D = 0.067 and that nPDD = nx/D = 240 pro-
genitors over the duration of the starburst.
(b) We require a high mass ratio q = M2/M1, where
M1 is the mass of the progenitor of the compact
object and M1 > M2 so that the progenitor will in-
deed collapse first. Moe & Di Stefano (2013) found
that the close binary fraction of O/B stars with
Porb < 20 days and q > 0.1 in the low-metallicity
Magellanic Clouds is Fcl = 0.22(M1/10M)0.4,
from which we find using M1 = 35 M that
Fcl = 0.36. Furthermore, Moe & Di Stefano (2013)
find that the proportion Ftw of “twin” systems with
q > 0.9 is in the range of 0.06-0.16. We adopt a
typical value of 0.1 for q > 0.9, but we double this
estimate to account for additional binaries whose
mass ratio falls in the range of, e.g., q = 0.5−0.9; so
below we use an estimate of Ftw = 0.2 for q > 0.5.
Then we find that nPDD = nx/(FclFtw) = 222
progenitors over the duration of the starburst.
Thus, it appears that the 16 observed BSG X-ray bina-
ries in IC10 indicate an underlying population of ∼ 200
double-degenerate precursors and a production rate of
200/T ∼ 30−40 Myr−1 over the past 6 Myr. These esti-
mates could be doubled if in case (b) one chooses to dou-
ble the lowest twin fraction observed in the Magellanic
Clouds (0.06; Moe & Di Stefano 2013) and uses Ftw ≈ 0.1
instead of 0.2. The lifetime of the X-ray bright accreting
phase is also subject to some uncertainty, but is in the
range of 0.4 Myr from binary synthesis calculations (Fra-
gos et al. 2015). We caution that nx=16 is an imperfect
measurement of the number of BSG XRBs in IC 10 since
the excess above chance nX − n¯ = 7 and the true num-
ber lies between those values. On the other hand, the
optical catalog is about 50% complete for HMXB sec-
ondaries in general (see 2), which correction goes in the
opposite direction. Until spectroscopic identifications are
completed, we treat nx=16 as a working value.
4.3. Binarity and massive star evolution
Binarity affects the evolution of both stars in a close bi-
nary, with the outcome depending on the point in time at
which the two stars interact. Stripping of the envelope of
the primary occurs as it enters the giant phase, and the
coincident accretion of this matter onto the secondary
conspires to drive both stars toward the blue. This ef-
fect is supported by the fact that the progenitors of core-
collapse SNe span a wider region of the HR diagram than
do isolated massive stars (Eldridge et al. 2013). In the
case of SN 1993J, the progenitor star and the companion
were resolved in pre- and post- explosion HST images
(Fox et al. 2014) showing just such a situation—the sec-
ondary having accreted the primary’s hydrogen envelope
prior to SN. Eldridge et al. (2013) show that the excess
of BSGs is generated along with a population of yellow
supergiant binaries containing what are effectively sub-
luminous, weak-lined WR analogs. The former binaries
would naturally fall into the BSG region of the CMD
(Figure 1), whereas the latter would reside into the area
inconveniently occupied by the intersection of the IC 10
and foreground populations. The ratio of the two WR
subtypes, WC and WN, has a strong metalicity depen-
dence Eldridge & Vink (2006); the proportion of WN
stars at SMC metallicity being an order of magnitude
higher than at solar metallicity (data from M31). Ac-
cording to Kangas et al. (2016), the spatial distribution
of WN stars with masses &20 M in nearby galaxies
matches that of SNe Ic. These are the most powerful
type of core-collapse SNe and they are believed to be a
privileged channel of BH production. On this basis, IC
10 is likely to be producing BH + massive star binaries
and these would be among the X-ray selected objects in
our sample.
The subset that we have assumed to be foreground
objects could also contain possible progenitor systems
of Thorne-Zytkow objects (TZOs) in IC 10, long specu-
lated to result from the merger of a NS with a compan-
ion via common envelope evolution or supernova kick.
With its overabundance of SG stars, IC 10 may be a
good candidate for producing TZOs. The strongest by
far TZO candidate to date was found recently in the
SMC by Levesque et al. (2014); Worley et al. (2016),
who point out that the key observational difference be-
tween a TZO and a normal RSG is the unique elemental
abundance profile. Tout et al. (2014) and Maccarone
& de Mink (2016) provide alternative scenarios for pro-
ducing intriguing TZO mimics, respectively in the form
of super-AGB stars, and Galactic S-star + WD (or NS)
binaries. Yet more strong motivation for optical spectro-
scopic surveys in local-group galaxies.
5. CONCLUSIONS
This paper demonstrates that we are seeing a different
XRB population in IC 10 than either the Milky Way
or the Magellanic Clouds with the systems identified
so far in IC 10 being dominated by BSG counterparts
rather than Be stars. This contrast between galaxies
is due to their different ages, metal contents, and star-
formation histories. Of the 16 X-ray selected BSG can-
didates reported here, five are X-ray variables (Laycock
et al. 2016), of which two are known HMXBs. Spectro-
scopic followup and photometric monitoring are required
to confirm the nature (spectral types, binary periods) of
this new sample of extragalactic HMXBs in a very young
starburst environment.
Direct observations of the timescales for HMXB pro-
duction have now been made in several nearby galaxies:
the Magellanic Clouds (Antoniou et al. 2010; Antoniou
& Zezas 2016), NGC 2403, and NGC 300 (Williams et al.
6 Laycock et al.
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2013). Most of these galaxies show a general agreement
on a timescale of 40-70 Myr for the peak age of HMXB
production. A similar estimate comes from the popula-
tion synthesis modeling of Fragos et al. (2015) for the
progenitor of M82 X-2. However the Large Magellanic
Cloud shows two younger subpopulations in the range
of 6-25 Myr, whose confirmed SG-HMXBs peak at ≤10
Myr; whether this younger subpopulation contains Be
stars is still unclear. If little star formation has occurred
in IC 10 prior to the current burst (which is not the case
for the Large Magellanic Cloud with multiple subpopula-
tions of ages ranging up to >100 Myr), then not enough
time has elapsed for the Be phenomenon to develop. To
test this hypothesis and show that no Be systems are
present in IC 10, one needs to search substantially fainter
(V'26) in order to reach B3V, the latest spectral type
known to occur in HMXBs.
Very young HMXBs may have substantially different
counterparts, for example the supernova impostor SN
2010da has an age of <5 Myr, and it’s quite unclear what
the donor star is (Lau et al. 2016). Our recent Gemini
spectroscopy appears that it may be in a transition state,
as it exhibits both Be-SG and LBV behavior. This is one
recent example of an extremely young HMXB with some
sort of BSG companion (Binder et al. 2016).
The identified mass-donor stars span several magni-
tudes in the visible spectrum. We can further consider
the possibility that HMXBs are among the orphan X-ray
sub-sample without any optical counterpart to V & 24.
This limiting magnitude corresponds to MV ∼ −3 which
would make Be stars later than B0V too faint to be well
represented in the catalog of Massey et al. (2007).
Our estimate of the production rate of BSG-HMXB is
∼200 over 6 Myr, the duration of the starburst, given
estimates of LBV lifetime and the distribution of binary
mass ratios. The production of binaries as a function
of spectral class remains an active research topic. For
early B type stars in particular, Moe & Di Stefano (2013)
found a close binary fraction of 22 ± 5% (for primary
masses of 10 M) and no evidence for metalicity depen-
dence in either mass ratio or orbital period distribution.
Other researchers have however identified strong metal-
icity effects in stellar rotation (de Mink et al. 2013) and
mass-loss rates (Vink, de Koter, & Lamers 2001). We
hope that this paper will motivate researchers to carry
out the observations and the model calculations needed
to improve upon the assumptions in our chain of reason-
ing. As an example, recent population synthesis calcula-
tions by Eldridge & Stanway (2016) show that mergers
begin a minimum of 3 Myr after the onset of star forma-
tion and the merger rate rapidly rises to a peak of ∼0.1
merger per Myr per 106 M at a time of about 10 Myr
before gradually declining. The initial “waiting period”
is essentially the time taken for stellar evolution to reach
the point when mass-transfer begins in massive binaries.
The emerging paradigm is that binary interaction plays
a central role in the evolution of massive stars and the
production of SNe. We conclude that the age of the IC
10 starburst is fortuitously such that massive binary in-
teraction is approaching its peak. The picture painted
in Prestwich et al. (2015) and Brorby et al. (2016) ad-
vances the hope that the observable parameters can be
organized into a “fundamental plane” in SFR, XLF, and
metalicity. Populating such a plane requires deep multi-
wavelength observations of star forming galaxies across
age and metalicity space and IC 10 is the youngest and
most accessible case study.
Eldridge et al. (2013) and collaborators have estab-
lished the existence of a expanded region in the HR di-
agram populated by massive binaries. The IC 10 red-
giant branch intersects the foreground Galactic main se-
quence in the vicinity of B − V = 1.5. It is therefore
worth considering whether any of the X-ray selected op-
tical counterparts in the overlapping region of the CMD
are yellow supergiants and hence an additional compo-
nent of the HMXB population. Optical spectroscopy can
potentially test this hypothesis since radial velocity mea-
surements will provide definitive answers.
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